Broadband extreme ultraviolet molybdenum/yttrium aperiodic multilayer analyzers were designed for polarization experiments in 8.5-11.7 nm wavelength range. The multilayer analyzers were made using direct current magnetron sputtering and characterized using the soft x-ray polarimeter at BESSY-II facility. Measured s reflectivities at the Brewster angle are 5.5% for a multilayer designed for 8.5-10.1 nm wavelength range and 6.1% for one designed for 9.1-11.7 nm. The multilayers also exhibit high polarization degree up to 98.79%. In addition, the multilayer was also measured over 38°-52°angular range at the fixed wavelength of 10.2 nm and the mean s reflectivity is 6.2%. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2405874͔ Although there have been extensive studies of molybdenum/silicon ͑Mo/ Si͒ multilayer analyzers, 1 which work well only at wavelengths longer than 12.4 nm because of the Si L-shell absorption edge. However, the wavelength region of 8 -12 nm, in particular, has become important for astronomy because of the observation of intense emission lines from several cosmic sources.
Although there have been extensive studies of molybdenum/silicon ͑Mo/ Si͒ multilayer analyzers, 1 which work well only at wavelengths longer than 12.4 nm because of the Si L-shell absorption edge. However, the wavelength region of 8 -12 nm, in particular, has become important for astronomy because of the observation of intense emission lines from several cosmic sources. 2 Molybdenum/yttrium ͑Mo/ Y͒ is one of the most promising material pairs for multilayers operating in this region because of the relatively high reflectivity and physical and chemical stabilities of the interfaces. [3] [4] [5] However, there has been little research on Mo/ Y multilayers, although periodic Mo/ Y multilayers designed as linear polarizers for use around 8 nm have been produced on silicon photodiodes, 6 their maximum polarization degree P was 95%, but with a bandwidth of only 0.2 nm. 1 The polarization degree P is determined by
where R s and R p are the s and p reflectivities of the analyzer. Broadband analyzers are usually needed in order to simplify the experimental arrangements for polarization studies. 6, 7 Previously, broadband analyzers based on Mo/ Si multilayers have been developed, including double-crystal x-ray monochromators, 8 laterally graded multilayers, 9 and aperiodic multilayer analyzers. 1, 10, 11 In this letter, the design, fabrication, and measurement of aperiodic broadband multilayer analyzers are extended to the wavelength range of 8.5-11.7 nm using molybdenum ͑Mo͒ and yttrium ͑Y͒. The multilayers were made using direct current magnetron sputtering and were measured by the ultrahigh vacuum x-ray polarimeter at BESSY-II.
The Mo/ Y broadband analyzers were designed using a combined analytical and numerical method, 12 based on that firstly used to design multilayer supermirrors for hard x-rays which minimized absorption of radiation inside the multilayer structure at small grazing angles. 13, 14 In these designs polarization was not considered, but by revising some formulas 12 the method can also be used to optimize the performances of broadband analyzers working at the quasiBrewster angle; 1,10 this requires the s reflectivity and the polarization degree to be maximized in the design algorithm. From Eq. ͑1͒, for a low p reflectivity P tends to 1, so the optimization of broadband analyzer can be achieved by minimizing the merit function ͑MF͒,
where the summation is over a selection of discrete wavelengths in the desired range. The layer thickness distribution is used as the independent variable and, during the recursive optimization, only randomly selected layer thickness changes that decrease MF are retained, finally leading to an optimized layer thickness distribution that provides a minimum value of MF. In principle, such methods can be used to design broadband analyzers for any material combinations in the soft x-ray and extreme ultraviolet regions. The inverse problem can be solved by this method; that is, the thickness distribution of the layers providing the best approximation to the desired reflection curve is firstly calculated according to the revised formulas, and the optimization is then performed using a computer code based on the Levenberg-Marquardt algorithm. In this way local minima can be avoided and the results are obtained in computationally reasonable times.
periodic multilayer ͑C͒, for a wavelength of 9.1 nm, was also calculated just for comparison. The parameters for these multilayers are given in Table I , with Y and Mo thicknesses for sample ͑C͒ of 2.8 and 3.8 nm, respectively. The calculated performances are shown in Fig. 1 , indicating nearly constant broadband s reflectivities ͓sample A: 9.3% and B: 9.9%͔, with theoretical polarization degree higher than 99%. The full width half maximum of the reflectivity profile of the periodic analyzer, Ϸ0.25 nm, is increased by factors of about 6 for the broadband analyzer ͑A͒ and about 9 for B. Although the s reflectivities of the broadband analyzers are much lower than that of the periodic mirror ͓sample C: 38%͔, analyzers with broad spectral reflectivities are of particular interest in many applications. 7, 8, 11, 18 The molybdenum and yttrium layer thicknesses for samples A and B are plotted in Fig. 2 , for the bilayer number of 100. For shorter wavelengths, more layers are required in order to obtain the desired reflectivity. Most of the layer thicknesses for sample A are in the range of 1 -4.5 nm, feasible to manufacture using deposition technologies. However, for sample B the thicknesses oscillate strongly especially for the lower layers, which make calibration for the deposition rate and fabrication much more difficult.
The Mo/ Y multilayers were made using a high vacuum magnetron sputtering deposition system. 19 The base pressure was 2 ϫ 10 −4 Pa. The working gas is Ar ͑purity: 99.999%͒ at a constant pressure of 0.08 Pa. The operating powers for molybdenum and yttrium were regulated at 20 and 15 W, respectively. The coating were deposited on single-crystal silicon ͑100͒ substrates with dimensions of 20ϫ 30 mm 2 . The first layer deposited was molybdenum and the last was yttrium. The deposited multilayers were measured using a small angle x-ray diffractometer ͑D1 system, Bede Ltd, UK͒ to determine the multilayer periods. With known deposition time and period thicknesses, the deposition rates of molybdenum ͑0.18 nm s −1 ͒ and yttrium ͑0.14 nm s −1 ͒ were determined from the slopes of thickness versus time.
The performances of the analyzers have been evaluated using the high precision eight-axis ultrahigh-vacuum polarimeter on beamline UE56/1-PGM at BESSY-II. 7 A 400 line/ mm grating and horizontally polarized undulator radiation were used. The results are summarized, and compared with the design values, in Table I and Fig. 3 . The measurements show that the bandwidths agree well with the calculated values and that the mean s reflectivities are about 5.5% and 6.1% for samples A and B, respectively. Interlayer roughness and diffusion are, primarily, the reasons why the s reflectivities are lower than those calculated. 20, 21 As shown in Table I , the rms errors of the measurements are larger than those of the calculations, which are mainly caused by errors in the deposition thicknesses. The s reflectivity is only 29.1% for the periodic mutilayer of sample C, compared to the calculated value of 38.0%. Another contributing factor to this could be material contamination or oxidation of the surface layers before measurement. 22 Alternatively, the theoretical reflectivity could be overestimated since the optical constants of molybdenum and yttrium derived from the data of Henke 1 . ͑Color online͒ Calculated polarization degree P ͑a͒ and s reflectivity R s ͑b͒ curves of Mo/ Y multilayer analyzers optimized for constant s reflectivity over the wavelength ranges of 8.5-10 nm ͑A͒ and 9.3-11.7 nm ͑B͒.
The periodic multilayer analyzer working at 9.1 nm ͑C͒ is also shown for comparison.
FIG. 2.
Calculated layer thickness distributions for molybdenum and yttrium of the broadband analyzers ͑samples A and B͒ of Fig. 1 .
et al. 23 depend upon accurate knowledge of the deposited film densities. 24 Further investigations are needed to confirm this. Note that the aperiodic broadband analyzers increase the bandwidth by factors of almost 7 ͑to 1.6 nm͒ and over 11 ͑to 2.6 nm͒ for samples A and B, respectively, compared to that of the periodic mirror, sample C ͑0.23 nm͒. As shown in Fig.  3͑a͒ , the polarization degrees of samples A and B are above 98% and 96%, respectively, over the broad design wavelength range.
As known from the Bragg equation, a broadband multilayer mirror will also show broad angular reflectivity at a fixed wavelength. Figure 4 shows the angular scans measurement for samples A, B, and C at the fixed wavelengths of 9.4, 10.2, and 9.1 nm, respectively. Although there are some oscillations in the s reflectivities of the two broadband analyzers, the mean s reflectivities up to ͑5.6± 1.1͒% in 41°-50°a ngular range ͑A͒ and ͑6.2± 1.1͒% in 38°-52°angular range were obtained. The full width at half maximum of the periodic multilayer is only 1.6°, demonstrating an increase by a factor of almost 9 for the aperiodic multilayer ͑B͒. Therefore, this kind of analyzer can also be used in polarization experiments that required broad angular reflection. 25 In summary, the potential for aperiodic broadband analyzers at wavelengths shorter than the silicon L edge has been demonstrated using Mo/ Y multilayers. A combined analytical and numerical design method has been shown to work using this material combination. The measurements are largely in line with the calculations, and an increase in bandwidth by up to 11 times has been demonstrated by using aperiodic multilayer structures. Broad angular reflectivities at fixed wavelengths of 9.4 and 10.2 nm have also been demonstrated. The measurement results show that this kind of aperiodic multilayer analyzers will greatly simplify future polarization experiments. 
